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Synopsis. y-Fe, O, Fe,O,, and a-Fe,O, subjected to
steel ball-milling in water changed into a spinel-type solid
solution, while in polar organic media no remarkable changes
occurred. In non-polar media, the y-Fe,O; and a part of the
Fe,O, were transformed into «-Fe,O;, although «-Fe,Oq
remained unchanged. The diffraction lines of the resulting
a-Fe,O, broadened markedly.

y-Fe,O4 is known to be transformed irreversibly into
a-Fe,O3 by such treatments as applying high pressure
and grinding mechanically.’»® The transformation
proceeds via the reconstruction of close-packed oxygen
ion layers together with the displacement of ferric ions
located at the interstices between the oxygen ions.®%
The present paper describes the structural changes of
y-Fe Oy, FegO,, and a-Fe,O4 caused by the ball-milling
in different liquid media in order to clarify the effect of
the medium.

The structure of y-Fe,Oj is an inverse spinel with a
lattice parameter of 8.350 A accompanied by a super-
structure which has an ordered arrangement of cation
vacancies and ferric ions in a ratio of 1: 3 at the octa-
hedral sites. FezO, is crystallographically isomorphous
with p-Fe,0O;, having a lattice parameter (8.396 A)
slightly larger than that of y-Fe,O, (8.350 A). Fe;0,
and y-Fe,O4 form a y-Fe,O3-FegO, solid solution; this
can be expressed by [,/5Fe;_,/30,, where [ is the cation
vacancy and «x is the degree of oxidation. «-Fe,O,4 has
a corundum-type rhombohedral structure, its unit cell
having the lattice parameters a=5.427 A and a=55°17".

The y-Fe,O3 used in this experiment showed a char-
acteristic lattice parameter of 8.350 A. The Fe,O, used

TABLE 1.

has the lattice parameter of 8.386 A, indicating a slight
oxidation of the stoichiometric Fe,O,. The particle
shape of y-Fe,O; is rod-like approximately 0.8 . in
length and 0.2 p. in diameter. Both «-Fe,O, and Fe O,
are spherical particles about 0.3 p. in diameter. y-Fe,-
Oy, Fe;0,, and a-Fe,O; powders were wet-milled in a
steel ball mill having a capacity of 1.321. For each run,
30 g of the sample and 90 ml of the medium of extrapure
grade were loaded into the ball mill. After milling at
90 rpm for 80 h, the resultant product was dried under
reduced pressure and then examined by X-ray diffrac-
tion, using Mn-filtered FeK. radiation. In order to
compare the effect of different milling procedures, wet-
milling in a porcelain ball mill and dry-grinding in an
agate mortar were also carried out.

Table 1 shows the crystal structure, lattice parameter,
and half-value width of each characteristic X-ray pat-
tern of the products from y-Fe,O3, Fe;O,, and a-Fe,O,
after 80 h of milling in the steel ball mill in the presence
of different media. The structural changes occurred
may be classified as follows:

1) In water, the spinel phase was stable and no sig-
nificant line broadening of the X-ray diffraction lines
was observed.

2) In polar organic media, neither structural
changes nor line broadening was observed.

3) In a non-polar organic medium, the «-Fe,O,
phase was stable and nearly half of Fe;O, was transform-
ed into «-Fe,O;. However, a remarkable broadening
of the diffraction patterns of both oxides was observed.

When y-Fe,O3 was milled in the steel ball mill in the
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ipo. . =
Medium rfl)o&t:flt Starting Resultant paxgitlgf;' Hvilii;i‘t’}?‘l’;le
(D) material product A) (degree)
y-Fe,O. Spinel® 8.371 0.30
Water {F e, 0, Spinel® 8.393 0.25
oc-Fe, Spinel® 8.371 0.30
y-Fe, O, y-Fe, O, 8.350 0.31
Methyl alcohol {F €,0, Fe,O, 8.386 0.26
o-Fe, O, a-Fe, O, 5.427 0.25
Polar organic 7-Fe, O, 7-Fe O, 8.350 0.30
medium Isopropyl alcohol {Fe,,O4 Fe,O, 8.386 0.24
o-Fe,O4 a-Fe,O, 5.427 0.25
Acetone y-Fe,Of y-Fe,O,4 8.350 0.31
. y-Fe,O, a-Fe, O, 5.43 1.2
Non:polar organic gy johexane 0 {Feao. «-Fe,0,+Fe,0,  5.43 1.0
o-Fe,O, «-Fe,O, 5.43 1.0

a) Spinel: y-Fe,O;~Fe O, solid solution.
8.350 A, Fe;O,: 8.386 A, a-Fe,0;: 5.427 A,

(311): 0.27°, Fe,O, (311): 0.20°, a-Fe,0, (422): 0.22°.

b) Lattice parameters of starting materials. y-Fe,Oy:
¢) Half-value widths for starting materials.

y-Fe, Oy
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presence of water, the lattice parameter changed from
8.350 A to 8.371 A, the superstructure lines such as
(210), (211), and (300) disappeared completely and the
color changed from brown to black. These facts in-
dicate that y-Fe,O3 was reduced during the milling to
give a y-Fe,O3-Fe O, solid solution. Fe;O, was also
reduced to some extent to give Fe;O, containing less
oxygen than the original Fe;O,, accompanied with a
change in the lattice parameter from 8.386 A to 8.393 A.
a-Fe,O; showed a complete transformation from the
rhombohedral into the spinel structure with a lattice
parameter of 8.371 A which coincides with that of the
milled 9-Fe,O;. Meanwhile, the color of «-Fe,O,
changed from red to black. However, when y-Fe,O,,
Fe,O,, and a-Fe,O4 were milled in a porcelain ball mill,
no changes in the structure, lattice parameter, and color
occurred. Therefore, it is likely that a mechano-chem-
ical reaction is characteristic of the milling in the steel
ball mill.

When y-Fe,O,, FeO,4, and a-Fe,Og were milled in
such polar organic media as methyl alcohol, isopropyl
alcohol, and acetone, their structures, lattice parameters,
and colors remained unchanged. The diffraction lines
were as sharp as they were in the case of milling in water.

When milled in non-polar cyclohexane, y-Fe,O; was
completely transformed into a-Fe,Oz. In the case of
Fe,O,, nearly half of the sample was transformed into
«-Fe,O,; the diffraction lines of the resultant a-Fe,O,
were found to be remarkably broadened. Nearly iden-
tical results were obtained from an experiment by dry-
grinding in an agate mortar.

During the milling, a microstrain concentrates in the
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lattice increasing the lattice distortion and the strain
energy.” The increase in the lattice distortion results
in the X-ray line broadening.®) At the same time, the
fresh surface produced by the milling is reactive with
respect to the adsorption of polar molecules decreasing
the surface energy and the fracture stress.”? The fact
that the X-ray diffraction lines remained as sharp as
before can be explained, if one accepts that the adsorp-
tion of polar molecules decreases the fracture stress
avoiding a remarkable increase in the microstrain con-
centration in the lattice. In the case of milling in non-
polar media, on the other hand, the microstrain con-
centration increases gradually in the lattice and the
X-ray diffraction lines become broader. In the case of
milling in water, the sample is reduced to give a spinel
phase containing less oxygen. In this reduction reaction
during the milling, the mechano-chemical reaction be-
tween the sample, the water, and the fresh iron surfaces
should be taken into consideration.
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